Impedance spectroscopy is used to characterize the key transport properties (effective conductivity, MacMullin number, porosity and tortuosity) of electrolyte solutions confined in porous separators and carbon-sulfur composite electrodes useful for application in Li-S batteries. Three relevant electrolyte concentrations, ranging between 1 and 5 molal, are studied. Impedance measurements are performed in symmetrical cells with two identical electrodes, which overcome complications associated with the contributions of the counter-reference electrode. The electrolyte-filled carbon-sulfur composite electrodes can be represented by an "open" Warburg element, modelling the finite-diffusion of ions through the pores coupled to the double-layer charging of the electrode-electrolyte interface. The carbon-sulfur composite electrodes are at a high enough potential (ca. 3 V vs. Li + /Li) so that charge-transfer reactions of sulfur reduction to polysulfide species are absent during the impedance measurements, and hence capacitive-like behavior is observed at low frequencies. The analysis of the results shows that the rate of transport of ions through porous structures is markedly dependent on the electrode's structure and composition as well as the electrolyte concentration. Synergistic effects, able to enhance the effective conductivity of the electrolyte inside porous composite electrodes, are observed for particular electrode/electrolyte combinations, which are correlated to enhanced performance in Li-S cells. The future of enhanced electrochemical energy storage systems [1] [2] [3] [4] [5] [6] [7] [8] requires significant performance improvements in terms of power and energy density. Achievement of these targets passes through the development of advanced components (e.g., electrolyte, separator and electrode) 9 which requires a better and deeper understanding of the critical properties that lead to enhanced performance. [10] [11] [12] [13] [14] [15] [16] [17] This is particularly true in the case of liquid electrolytes used in rechargeable metal-ion (e.g., Li-ion) 18,19 and metal (e.g., Li-S or Al-S) [20] [21] [22] [23] [24] batteries. 25, 26 It is well known that electrolytes should have high conductivity.
The future of enhanced electrochemical energy storage systems [1] [2] [3] [4] [5] [6] [7] [8] requires significant performance improvements in terms of power and energy density. Achievement of these targets passes through the development of advanced components (e.g., electrolyte, separator and electrode) 9 which requires a better and deeper understanding of the critical properties that lead to enhanced performance. [10] [11] [12] [13] [14] [15] [16] [17] This is particularly true in the case of liquid electrolytes used in rechargeable metal-ion (e.g., Li-ion) 18, 19 and metal (e.g., Li-S or Al-S) [20] [21] [22] [23] [24] batteries. 25, 26 It is well known that electrolytes should have high conductivity. 18, [27] [28] [29] However, as shown in this paper, a high bulk electrolyte conductivity does not guarantee high conductivity of the electrolyte when it infiltrates the porous structures of electrodes and separators. Hence, more advanced methods of analysis are required to understand the effect of the microstructure of the battery components on the macroscopic rate of ion transport. [30] [31] [32] [33] [34] Separators have been studied extensively, [35] [36] [37] [38] [39] and it is well established that the rate of ion transport depends on the composition, tortuosity, and porosity. 35, [40] [41] [42] The latter two properties can be correlated using the MacMullin number. 43 However, various studies reported different numerical values for the parameters above, with significant discrepancies in most of the cases. 32, [44] [45] [46] [47] [48] [49] [50] It is generally accepted that the electrolyte conductivity decreases when the electrolyte is contained within a porous separator, 39 but only in a few cases experimental evidence has been adequately investigated. 32, 33, 39 In the case of the porous electrodes, the resistance of the electrolyte infiltrated into the electrode is affected by the same structural factors (tortuosity and porosity), which are in turn a function of the electrode composition, method of preparation, and cycling history. [31] [32] [33] 40, 47, [51] [52] [53] These parameters are particularly relevant in the case of metal-S batteries because a porous carbon matrix is always required in the electrode formulation to facilitate the electrochemical reactions of the active material (i.e., sulfur), which is electrically insulating.
In this work, impedance spectroscopy is used to evaluate the resistance associated with the electrolyte contained in different porous battery components. 54, [30] [31] [32] Impedance experiments are conventionally carried out in a two-electrode cell set-up where a metal eleca Present address: National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 0LW, United Kingdom. b Present address: OXIS Energy Ltd. E1 Culham Science Centre, Abingdon OX14 3DB, United Kingdom. z E-mail: N.Garcia-Araez@soton.ac.uk trode (e.g., lithium) is used as both counter and reference electrode. Then, the impedance of the cell, Z cell (ω), is given by the sum of the impedance of the working electrode, Z W E (ω), the impedance of the metal counter-reference electrode, Z C E (ω), and the impedance (resistance) across the separator, Z sep (ω),:
Unfortunately, separation of the different components in the overall impedance response is often difficult. Three electrode impedance measurements have been used for the determination of the working electrode impedance, Z W E (ω), [62] [63] [64] but artefacts due to improper cell design are difficult to avoid. 30, 33, [65] [66] [67] [68] [69] [70] [71] [72] A more convenient approach is to measure the impedance of a cell containing two identical working electrodes (usually called symmetrical cell). Then, the impedance of the cell, Z cell (ω), is simply two times the impedance of one working electrode, Z W E (ω), plus the impedance (resistance) of the separator, Z sep (ω): [30] [31] [32] 38, 39, 56, [73] [74] [75] [76] [77] [78] 
This symmetrical cell set-up is adopted in this work to determine the transport properties (e.g., effective conductivity, MacMullin number, tortuosity and porosity) of the electrolyte contained within porous carbon-sulfur composite electrodes. In addition, impedance measurements of symmetrical cells with blocking electrodes are used to determine the transport properties of electrolytes contained within porous separators. We focused our attention on three electrolyte concentrations, useful for Li-S battery applications (i.e., 1.25 molal, 3.5 molal and 5.0 molal), where the salt is lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and the solvent is 1,3-dioxolane (DOL). 79 Only two previous studies used a symmetrical cell design to investigate the impedance of sulfur-carbon electrodes for Li-S battery applications, 38, 74 and, to the best of our knowledge, this is the first study in which a quantitative analysis of the impedance results, by making use of the theory of transport of ions in porous media, is reported for sulfur-carbon composite electrodes. 99.8% purity, anhydrous) were used to prepare the electrolyte solutions. LiTFSI was dried for at least 48 hours in a tubular glass vacuum oven (Buchi, pressure < 1 mbar) at 130
• C. Electrolytes were prepared inside an Ar-filled glove box (O 2 level < 0.2 ppm and H 2 O level < 1.0 ppm) by mixing LiTFSI and DOL with a magnetic stirrer until complete dissolution of the salt. Glass microfiber separator discs (GF/F Whatman, made of borosilicate glass -pore size manufacturer value ≈ 0.7 μm -dry thickness manufacturer value ≈ 420 μm) were cut using a 25 mm, or a 12 mm, diameter arc puncher and dried at 180
• C in a glass vacuum oven (Buchi, pressure < 1 mbar) for at least 48 hours. Polyolefin separator discs (V20CFD Toraypore size < 0.2 μm -dry thickness ≈ 20 μm) 80 were cut using a high-precision 25 mm diameter Nogami handheld puncher and dried at 40
• C in a glass vacuum oven (Buchi, pressure < 1 mbar) for at least 48 hours. Industrial-scale produced electrodes with a sulfur content of ≈ 70 wt% and an average sulfur mass loading of ≈ 1.6 mg cm −2 were supplied by OXIS Energy Ltd. in forms of large sheets, which were cut using a high-precision 25 mm diameter Nogami handheld puncher. Laboratory-scale produced electrodes were prepared by dry mixing sulfur (sublimed, 100 mesh, Sigma Aldrich, density = 2.07 g cm −3 ), acetylene black (Chevron Phillips Shawinigan Black Acetylene Black, 50% compressed, density = 1.75 g cm −3 ) and polytetrafluoroethylene (Du Pont PTFE fine powder, type 6C-N, density = 2.14 g cm −3 ) in a ground glass mortar for at least 30 minutes. In one preparation, the weight ratio of active material (sulfur), conductive carbon (acetylene black) and binder (PTFE) was 24:66:10, respectively (average sulfur mass loading ≈ 5.0 mg cm −2 ). In the other preparation, the weight ratio of active material (sulfur), conductive carbon (acetylene black) and binder (PTFE) was 70:20:10, respectively (average sulfur mass loading ≈ 23.4 mg cm −2 ). The dry mixture was rolled into a sheet (approximately 250 μm) and calendared using a rolling mill (Durston DRM 130) and subsequently cut into pellets (diameter = 11 mm) using a single hole punch tool. All the sulfur-containing electrodes were dried at 40
• C in a glass vacuum oven (Buchi, pressure < 1 mbar) for at least 24 hours then weighed in air (by means of a METTLER AT261 DeltaRange electronic 5-digit balance, accuracy ± 0.15 mg) and dried again for at least other 8 hours, before transfer to the Ar-filled glove box.
Symmetrical cell assembly and electrochemical test.-Stainless steel Swagelok-type cells (inner diameter 25.4 mm or 12.7 mm) were used with stainless steel bars, metallic copper bars and caps, stainless steel springs, and PTFE or PFA ferrules, as illustrated in Figure 1 . Mylar film (thickness = 0.125 mm) was used to electrically isolate the body of the cells. To obtain a smooth and oxide-free surface, the copper current collectors were polished using ethanol-filled 1200 grit sandpaper and varying grades of alumina powders (i.e., 25 μm, then 3 μm, then 0.3 μm and finally 0.05 μm). Then, they were cleaned in an ultrasonic bath for at least 20 minutes, dried with Kimtech Science wipes, and transferred to the Ar-filled glove box antechamber where they were dried at room temperature under vacuum for 1 hour. For the characterization of separators, either one, two or three separator layers were incorporated in the cells. 25.4 mm Swagelok cells were used to improve the accuracy of the measurements. Each test was carried out using 250 μL/separator of electrolyte solutions and repeated three times for reproducibility. The assembled cells were transferred into a constant climate chamber (Memmert HPP 110, temperature accuracy = 0.1 • C; temperature applied = 25
• C) and connected to a VMP2 multichannel potentiostat/galvanostat (Biologic) were the impedance spectrum was acquired at the open circuit potential using a perturbation signal of 10 mV in the frequency range 200 kHz -500 mHz, and fitting of the data was made using the 140 kHz-30 Hz frequency range. After the impedance tests, the cells were disassembled and the thickness of the separators was measured with a thickness gauge.
25.4 mm Swagelok cells were used to study OXIS electrodes and 12.7 mm cells were used for the laboratory-scale electrodes. Two GF/F separator layers were used, and each test was carried out using 250 μL/separator or 63 μL/separator of electrolyte solution for the 25.4 mm or the 12.7 mm cells, respectively. For all the different electrode/electrolyte combinations, the experiments were repeated at least two times for reproducibility. Impedance measurements were done in a frequency range of 30 kHz-20 mHz, and data fitting was done using a 15 kHz-20 mHz frequency range. The rest of experimental procedures were the same as in the case of the characterization of separators.
Porosity and thickness of separators.-The value of porosity (43%) of the V20CFD Toray separator is taken from the manufacturer, and the thickness was measured with a thickness gauge (Mitutoyo ABSOLUTE Digimatic, accuracy ± 3 μm), obtaining a value of 19 μm ± 3 μm, in good agreement with the value of 20 μm reported by the manufacturer. 80, 81 In the case of the GF/F Whatman separators, the thickness and porosity of the separator when compressed in the Swagelok cell needed to be determined. Attempts were done to estimate the porosity of the GF/F separators by liquid absorption tests, 35, 36, 82 but it was difficult to make sure that the excess of liquid was removed from the surface. Therefore, the porosity, ε SE P , was estimated taking into account the weight of the separator:
where m SE P is the mass of one separator (38.5 ± 0.2 mg, as determined from the average of 10 separators), ρ glass is the bulk density of the borosilicate glass (2.24 g cm −3 ) 83 and V SE P is the geometric volume of the separator, which was was calculated with:
where r SE P and t SE P are the radius (12.5 mm) and thickness (309 ± 30 μm) of the compressed separator. The thickness was measured with a thickness gauge (Mitutoyo ABSOLUTE Digimatic, accuracy ± 3 μm) immediately after disassembly of the cells. The results are summarized in Table I .
Porosity and thickness of electrodes.-Mean values of the porosity of the electrodes (ε E L ) were estimated taking into account the density and the weight contents of the bulk materials which compose the electrodes:
where m E L is the mass of an individual electrode, % i is the weight percentage content of the component i (i.e., sulfur, carbon and binder), ρ i is the bulk density of the component i, and V E L is the volume of the electrode, which is calculated as follows:
where r E L and t E L are the radius and the thickness of the electrode.
The calculated values of porosity are reported in Table II for the other preparation. Details of the OXIS electrode formulation cannot be disclosed.
Results and Discussion
Transport properties of electrolytes contained within porous separators.- Figure 2 shows the Nyquist plots of the impedance measurements obtained with either one, two or three layers of electrolytefilled separators in symmetrical cells containing blocking electrodes.
The impedance of the cell can be described as a combination of a resistance (i.e., R1) and a constant phase element (i.e., CPE) in series 32, 84, 85 by the following equation:
where R1 is the total resistance of all the layers of electrolyte-filled separator, Q C P E is a constant related to the capacitance of the blocking electrodes (which is denoted as T in the Z-view software), ω is the angular frequency and P C P E is the constant phase of the CPE element. In the case of P C P E equal to 1, the Z C P E is equal to the impedance of an ideal capacitor and Q C P E would represents a capacitance. The factor of two multiplying Z C P E in Equation 7 is to account for the fact that the cell contains two copper blocking electrodes. The fit gives values of P C P E between 0.8 -0.9. If the copper-electrolyte interface behaved as an ideal capacitor with capacitance of 20 μF cm −2 , then the capacitance of the cell (equal to
) would be expected to be around 5 × 10 −5 F. The fit gives similar values of
ranging between 2 × 10 −5 and 9 × 10 −5 F s P −1 . The values of R1 obtained from the fit are summarized in Table III . Each experiment was repeated three times, and the values in Table III are the average values.
In Figure 3 , the values of the resistance R1 are plotted against the number of separators. The slope of these plots gives the values of the resistance of one separator (i.e., R SEP ) (see Table IV ) and the intercept provides the amount of the residual resistance (e.g., background contact resistances) associated to the cell set-up (i.e., R SET-UP ). In all cases, the resistance of the set-up, R SET-UP , is less than 8% of the resistance of one separator, R SEP , which confirms the reliability of the measurements.
From the values of the resistance per separator (R SE P , see Table IV ), the effective ionic conductivity of the electrolyte contained in the separator can be calculated by applying the following general equation:
(for separators : k P O ROU S = k SE P and
where t represents the thickness of the separator (when compressed in the cell: 309 ± 30 μm and 19 ± 3 μm for GF/F and Toray, respectively), and A is the cross-sectional area of the separator. The values of the conductivity of the electrolyte-filled separator (i.e, k SE P ) are compared with the bulk electrolyte conductivity values (i.e, k BU L K ) in Table V . Values of the dynamic viscosity (η) are also reported. The values of k BU L K and η were determined in our previous work. 79 Table V shows that, in the case of glass fiber separators, the bulk conductivity is almost entirely retained, while a significant reduction in conductivity is observed in the presence of Toray separators. The main reason for this noticeable dissimilarity is discussed below.
The data reported in Table V shows that the conductivity of the electrolyte-filled separators and the bulk electrolyte conductivity can be significantly different. The relationship between these two quantities is given by the MacMullin number (N M ). In general, the MacMullin number describes the effect of a porous microstructure on the macroscopic transport properties of the electrolyte, 43 and it can be 
Equation 9a is used here to calculate the numerical values of N M , which we call N M,SE P for separators and N M,E L for electrodes. Then, Equation 9b is used to evaluate the effective tortuosity, τ, taking into account the values of porosity ε of the separators (and latter, of the electrodes) reported in Table I (and Table II for the electrodes). The calculated values of N M,SE P and τ SE P are reported in Table VI . Table VI shows that the MacMullin numbers, N M,SE P , of the glass fiber separator are close to one in all cases, while in the case of the Toray separator, the values are much higher. This is because, in the latter, the conductivity retention is much poorer. This is due, in part, to the lower porosity of Toray separator (ca. 43%), 80 as compared to the glass fiber separator (ca 89%). However, the main reason is the much higher tortuosity of the Toray separator, as shown in Table VI . The effective tortuosity can be understood as the increase in the pathlength of ion transport (in the simplest definition, tortuosity is simply the ratio of the effective ion pathlength and the geometric thickness of the porous material). The definition of effective tortuosity in Equation 9b is an empirical definition that can include more complex effects such as pore clogging and pore narrowing. 32, [44] [45] [46] [47] [48] [49] [50] For the glass fiber separator, values of tortuosity are found to be close to unity, evidencing facile transport and good wetting of the whole porous structure. Previous studies using ionic-liquids have also reported MacMullin number for glass fiber separators very close to unity. 41 The results of the MacMullin number and effective tortuosiy of the Toray separator are also in good agreement with those reported in the literature for similar types of polyolefin separators. 32 that the MacMullin number and the effective tortuosity vary little with the electrolyte concentration, even for the more concentrated solution (which are highly viscous). This suggests that poor wetting of the separators (due to trapped gas bubbles as a result of improper cell degassing, for example) is not an issue, confirming the suitability of highly concentrated solutions (e.g., solvent-in-salt electrolytes) for practical Li-S cells. for the laboratory-scale electrodes). The impedance spectra in Figure  4 do not show any contribution due to the reduction of sulfur into polysulfide species. This is because the potential of the as-prepared carbon-sulfur electrodes is high enough (i.e., ca. 3 V when measured vs. Li + /Li in Li-S cells containing an Ohara glass separator that stops shuttling of sulfur species to the Li electrode), 89 so that the small po- Table I and the bulk conductivity (k BULK ) and the conductivity of the electrolyte-filled separator (k SEP ) in Table V .
(mole LiTFSI/kg DOL) GF/F Toray GF/F Toray 1.25 1.0 ± 0.1 11.7 ± 1.9 0.9 ± 0.1 5.1 ± 0.8 3.5
1.2 ± 0.2 13.2 ± 2.1 1.1 ± 0.1 5.7 ± 0.9 5
1 . 3 ± 0.1 14.6 ± 2.7 1.2 ± 0.1 6.2 ± 1.0 tential perturbation associated to the impedance measurements does not trigger any charge transfer reactions of sulfur reduction to polysulfides. As a result, the electrochemical response of the electrodes at low frequencies is dominated by double-layer charging of the electrodeelectrolyte interface (i.e., capacitive or blocking behavior). In other words, at the open circuit potential, the charge-transfer resistance of sulfur reduction to polysulfides is high enough so that the reaction does not affect the impedance measurements. This is in agreement with previous impedance studies with carbon-sulfur composite electrodes in symmetrical cells, which showed that replacement of sulfur by inert Al 2 O 3 particles produced very similar impedance results, hence demonstrating the absence of charge-transfer reactions. 38, 74 The impedance behavior of the porous electrodes in the whole frequency range can be described by an equivalent circuit model defined as "transmission line model" as proposed by Robert De Levie. [90] [91] [92] This model takes into account: (i) the fine-length diffusion of ions contained within the pores of the electrolyte-filled electrode, (ii) the transport of electrons through the carbon conductive matrix of the composite electrode, and (iii) the charging of the carbon-electrolyte interface as a double-layer capacitor, which in our case is modelled as a constant phase element to include deviations from ideal capacitive behavior. [30] [31] [32] 84, 85, [93] [94] [95] The electrical component associated to the "transmission line model" is called "open" Warburg element (i.e., Wo) which can be described by the following equation: [10] where R Wo represents the sum of all the resistances associated with the electrolyte contained within the porous electrode, T Wo is a characteristic time constant and P W o is an exponent associated to deviations from non-ideal capacitive behavior (for ideal behavior P W o = 0.5). Thus, the impedance of the cells with the laboratory-scale produced porous electrodes (i.e., the 24% S and the 70% S pellets) can be described by the following equation: [11] where R0 is the resistance of the separator (in this case, two electrolyte-filled glass fiber separators) and R W o1 is the resistance of a single electrolyte-filled porous electrode. The factor of two multiplying Z W o1 in Equation 11 accounts for the fact that two identical electrodes have been used in the symmetrical cell set-up. Figure 4 shows that the model fits the experimental data very well. The impedance spectra of the cells with the industrial-scale produced electrodes (black dots and lines in Figures 4a-4c ) contain an additional depressed semicircle. This semicircle has been ascribed to the contact resistance of the aluminum current collector and the composite electrode. 32, 33, 96, 97 In agreement with previous studies, we only observed the depressed semicircle with aluminum or unpolished copper current collectors (data not shown here), which indicates that it is due to the presence of an oxide layer. The depressed semicircle can be described as a contact resistance (i.e., R1) and a constant phase element (i.e., C P E1) in parallel, and the whole impedance data of the cell can be fitted with the following equation:
T W o1 iω P W o1 [12] where Z W o1 is the impedance of one electrolyte-infiltrated porous electrode, which can be described with an open Warburg element, as discussed above. The insets in Figure 4 show a zoom-in of the impedance results showing the characteristic behavior of the open Warburg element. Figures 4d-4e show the equivalent circuits used to fit the data. The results of the fit are summarized in Table VII . Table VII shows that R W o1 (that is, the resistance of the electrolyte contained inside one porous electrode of unity area 1 cm 2 ) is much smaller for the OXIS electrodes than for the laboratory-scale produced pellets, and for the latter, increasing the sulfur content increases the value of R W o1 . Similarly, the value of T W o1 (that is, the Table VIII . The MacMullin number of the electrolyte-filled electrodes, N M, E L , can be obtained from the ratio of the effective conductivity in the porous media (i.e., k P O ROU S = k E L in this case) and in the bulk (i.e., k BU L K ), as shown in Equation 9a. In addition, using Equation 9b, the effective tortuosity of the electrodes, τ E L , can be obtained by using the values of the electrodes porosity ε E L described in Table II. The results are summarized in  Table IX. To summarize, Figure 5 illustrates the different scenarios studied and assessed in this work. The resistance of the electrolyte confined inside one electrode of unity area (R W o1 , Table VII) is found to be minimum for the combination of OXIS electrodes with 3.5 molal electrolyte. Interestingly, this particular combination was reported to lead to improved performance (capacity retention) in Li-S cells. 98 For the laboratory-scale electrodes, the resistance increases markedly with increasing the sulfur content (Table VII) , and it is also found that the resistance increases with increasing the electrolyte concentration (Table VII) , which can be attributed to the increase in the bulk electrolyte viscosity (Table V) . However, Table VIII shows that the variation of the effective conductivity of the electrolyte inside the composite electrodes (k E L , as calculated from the resistance values) does not exactly follow the bulk electrolyte conductivity, k BU L K , and higher values of the MacMullin number are observed at 3.5 molal concentration than at other concentrations (N M, E L , Table IX ). This is reflected in a higher effective tortuosity (τ E L . Table IX) , which could be attributed to poorer electrode-electrolyte interactions for that particular combination. The results of the effective tortuosity (τ E L , Table IX ) clearly show that increasing the sulfur content of the laboratory-scale composite electrodes produces a marked increase in the tortuosity. This can be attributed to the fact that sulfur is soft and hence facilitates blocking of the carbon pores, which results in an increase of the effective pathlength for ion transport. However, Table IX also shows that for advanced electrode formulations, such as those of the OXIS electrodes, very low values of the effective tortuosity can be achieved at very high sulfur loadings (of 70%). This demonstrates that the effective tortuosity (and other key transport properties) will critically depend on the details of electrode formulation, including the physico-chemical properties of carbon, method of impregnation of sulfur, method of electrode preparation, binder, etc. and the present study shows that electrode and electrolyte optimization has to be done synergistically.
Conclusions
We have shown that the analysis of impedance measurements of porous separators and porous carbon-sulfur composite electrodes allows the evaluation of: (i) the resistance of the electrolyte when confined within the porous structure, (ii) the effective conductivity, (iii) the MacMullin number, and (iv) the effective tortuosity. The resistance of the electrolyte contained within the porous structures of the separator and electrode represents a measure of the rate of transport of Li + ions contained within those battery components. The reduction of sulfur to Li 2 S requires Li + ions, and hence fast enough supply of Li + ions is required for optimal operation of the cell. Extensive work has been done to develop carbon-sulfur composite electrode structures that prevent polysulfide diffusion away from the electrode, 13, 21, [99] [100] [101] [102] [103] but fast enough transport of polysulfides within and to the whole electrode structure is necessary to assure full utilization of sulfur [104] [105] [106] [107] and to avoid buildup of high local concentrations of polysulfides, since the latter will lead to precipitation of Li 2 S and/or sulfur 108, 109 and consequent pore clogging. 110 Thus, an optimal value of the rate of ion transport is expected to lead to optimized performance, and this work describes an approach to quantify it. Ltd., the University of Southampton, and EPSRC (EP/M508147/1) for a doctoral studentship. 
